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Vertebrate Hox genes are generally believed to initiate expression at the primitive streak or early neural plate stages. The timing and
spatial restrictions of the Hox expression patterns during these stages correlate well with their demonstrated role in axial patterning. Here we
demonstrate that one zebrafish hoxc13 ortholog, hoxc13a, has an expression pattern in the developing tail bud that is consistent with the gene
playing a role in axial patterning. However, the second hoxc13 ortholog, hoxc13b, is maternally expressed and is detectable in every cell of
early cleavage embryos through gastrulae. In addition, both transcript and protein are detectable at these stages. At 19 h post fertilization
(hpf), hoxc13b expression is up-regulated in the tail bud, becoming restricted to the tail bud by 24 hpf. Importantly, by 24 hpf, hoxc13b
morphants show a specific developmental delay, which can be rescued by co-injecting synthetic capped hoxc13a or hoxc13b message. These
data suggest some functional divergence due to altered expression patterns of the two hoxc13 orthologs after duplication. Further
characterization of the hoxc13b morphant delay reveals that it is biphasic in nature, with the first phase of the delay occurring before
gastrulation, suggesting a new role for vertebrate Hox genes before their conserved role in axial patterning. The extent of the delay does not
change through 20 hpf; however, an additional delay emerges at this time. Notably, this second phase of the delay correlates with hoxc13b
expression pattern becoming restricted to the tail bud.
D 2004 Elsevier Inc. All rights reserved.
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Hox genes are arranged in clusters and encode evolutio-
narily conserved transcription factors. These genes specify
regional identity along the major anterior–posterior axis, as
well as along secondary axes in specialized body regions,
including limb buds (Dolle´ et al., 1989), gut (Roberts et al.,
1995; Yokouchi et al., 1995), and genitalia (Dolle´ et al.,
1991). To date, Hox genes have been isolated from many
metazoan model systems, including both invertebrates, such0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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(Lewis, 1978), and vertebrates, including human (Acampora
et al., 1989), mouse (Scott, 1992), chicken (Burke et al.,
1995), frog (Godsave et al., 1994), and zebrafish (Amores et
al., 1998). Invertebrates (de Rosa et al., 1999), as well as the
cephalochordate, Amphioxus (Garcia-Ferna`ndez and Hol-
land, 1994), possess a single Hox cluster, while tetrapods
possess four clusters. For example, mice and humans
possess 39 Hox genes arranged in four clusters, Hoxa–
Hoxd (Scott, 1993). The tetrapod clusters are believed to
have arisen via two rounds of cluster duplication (Bailey et
al., 1997; Force et al., 2002; Kappen et al., 1989; Schughart
et al., 1989). Interestingly, zebrafish and medaka (Naruse et
al., 2000) have seven hox clusters, suggesting an additional
round of cluster duplication at some point in teleost
evolution. This additional round of duplication has resulted274 (2004) 318–333
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in zebrafish (Amores et al., 1998). Each successive round of
Hox cluster duplication is theorized to have allowed
functional divergence of the duplicated orthologs (Force et
al., 1999) as well as recruitment of individual Hox genes or
entire clusters into novel roles (McClintock et al., 2002).
One of the hallmarks of Hox cluster organization and
expression is that the position of a gene within a cluster
determines its anterior limits of expression (Lewis, 1978).
This phenomenon, termed spatial colinearity, was originally
noted to be conserved between fruit flies and mice (Akam,
1989; Duboule and Dolle´, 1989; Graham et al., 1989). More
recently, support for this phenomena has been found in the
following vertebrates as well: chicken (Burke et al., 1995),
human (Vieille-Grosjean et al., 1997), Xenopus (Dekker et
al., 1993; Godsave et al., 1994), and zebrafish (Prince et al.,
1998a). In vertebrates, spatial colinearity is exemplified by
the Hox genes located on the 3V end of the cluster having
more anterior limits of expression than those genes located
on the 5V end of the cluster. Specifically, each successively
more 5V gene has a slightly more posteriorly restricted
anterior limit of expression.
Another hallmark of vertebrate Hox genes, termed
temporal colinearity (Duboule, 1994), is that each gene in
the cluster turns on sequentially, with the 3V end gene turning
on earlier than each successively more 5V gene. This
phenomenon is believed to be a result of chromatin opening
or a release from a silencing mechanism from the 3V end to
the 5V end across a Hox complex, allowing for the sequential
activation of the genes (Kmita et al., 2000). Temporal
colinearity has been demonstrated for many vertebrates,
including mouse (Duboule, 1994), chicken (Gaunt and
Strachan, 1996), and Xenopus (Dekker et al., 1993), and
has been suggested to exist for zebrafish (Prince et al.,
1998a,b; Sordino et al., 1996; van der Hoeven et al., 1996).
Regardless of its location on a cluster, zygotic expression
of a given vertebrate Hox gene occurs in the primitive
ectoderm (or epiblast) of the posterior primitive streak, or
during early neural plate stages (for a review, see
Deschamps et al., 1999). A few reports, however, have
noted expression of some mammalian Hox genes before
primitive streak stages, in ova or early cleavage stage
embryos. For example, Hoxd1 has been detected in murine
oocytes of developing primary and secondary follicles by
RNA in situ hybridization (Pitera et al., 2001). In most cases
(due to limiting amounts of mRNA from the early embryos),
analysis has been restricted to detection of expression by
RT-PCR or to isolation of Hox cDNAs from stage-specific
libraries (Adjaye and Monk, 2000; Kuliev et al., 1996;
Ponsuksili et al., 2001; Verlinsky et al., 1995). Together,
these expression pattern studies imply another role for Hox
genes before their role in specifying regional identity.
However, to date, no functional role for a Hox gene in
these early developmental stages has been reported.
The goal of this work was to define any differences in
structure, spatial and temporal expression patterns, andfunction of the zebrafish hoxc13 orthologs. Cloning and
sequencing of the two hoxc13 orthologs revealed differences
in specific protein domains, suggesting divergence of the
proteins into different functions. Divergence of function was
further supported by differences in spatial and temporal
expression patterns. Zebrafish hoxc13a expression is similar
to the initial Hoxc13 expression pattern in the developing tail
bud of the mouse (Godwin and Capecchi, 1998; Peterson et
al., 1994), and is consistent with earlier findings for 5V Hox
genes. Initial expression can be visualized at 16.5 h post
fertilization (hpf) is in the tail bud and expression is restricted
to the tail throughout embryogenesis. Surprisingly, zebrafish
hoxc13b transcripts as well as protein are detectable in early
embryonic stages from early cleavage stage embryos to
gastrulas. Furthermore, the gene is expressed in every cell of
the embryo during these developmental stages. Morphants
for hoxc13b, but not hoxc13a, demonstrate a severe devel-
opmental delay during these same stages, further supporting
functional differences between the proteins. Moreover, the
delay observed in the hoxc13b morphants is biphasic in
nature, with the first delay occurring before gastrulation, no
additional developmental delay occurring through 20 hpf,
and the second delay manifesting during late tail bud
development. Finally, the injection of capped hoxc13a or
hoxc13b mRNA results in rescue of the hoxc13b morphant
phenotype, indicating a specific role of zebrafish hoxc13
orthologs in these early developmental stages. These studies
corroborate earlier studies detecting Hox expression in early
mammalian embryos. Importantly, our results extend these
studies by showing that Hox genes can play functional roles
in these early developmental stages. Using RT-PCR, we have
detected additional zebrafish hox genes expressed in these
same stages, implying hoxc13b is not the only hox gene to
play a role in early development.Materials and methods
Sequencing murine and human Hoxc13
The murine gene was sequenced previously (A.R.G. and
M.R.C., unpublished results). Sequence of the human gene is
from our results utilizing RPCI-11 human male BAC library
clone 83-K-1 [Children’s Hospital Oakland Research Insti-
tute (CHORI)]. This BAC was initially identified by BLAST
search to contain sequence homologous to murine Hoxc13.
Next, primers were ordered to complete the sequencing of the
coding region. The sequence obtained is identical to sequence
reported while this study was underway (de Stanchina et al.,
2000). All sequencing oligonucleotides were synthesized by
Integrated DNA Technologies, Inc. DNA sequencing was
performed by the University of Kansas Medical Center
Biotechnology Support Facility staff using ABI Prism
BigDye Terminators version 3. DNA sequence was collected
and analyzed on an ABI Prism 377XL Automated DBA
sequencer (PE Applied Biosystems Division).
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5V RACE was performed as previously described
(Frohman, 1993) on cDNA derived from 24 hpf wild-
type Danio rerio embryos, with the following modifica-
tions: Thermoscript (Gibco BRL) was used for the first-
strand synthesis, and the LA Taq PCR kit (TaKaRa, kit
Version 2) was used for all PCR reactions. The initial 5V
RACE primers for both hoxc13a and hoxc13b were
designed from previously reported homeobox sequences
(Amores et al., 1998). The zebrafish hoxc13a sequence
was derived from two rounds and the hoxc13b sequence
from a single round of 5V RACE. Full-length sequence
for both genes was subsequently confirmed by cloning
and sequencing standard RT-PCR products generated by a
proofreading polymerase (Native PFU Polymerase, Stra-
tagene). The final sequences for hoxc13a and hoxc13b
were submitted to GenBank (AY452737 and AY452738,
respectively).
Reverse transcription polymerase chain reaction (RT-PCR)
RNA was isolated from wild-type D. rerio embryos
at multiple stages in development by using the TRIZOL
reagent (Gibco BRL). Complementary DNAs were
made using Oligo(dT) (Gibco BRL) as a primer and
Superscript II (Gibco BRL) as a reverse transcriptase.
The following primers were designed to amplify a 500–
700 base pair PCR product, and spanned across an
intron:
b-actin (S: 5V-TCTGGCATCACACCTTCTAC-3V; AS:
5V-ATACCGCAAGATTCCATACC-3V);
hoxc1a (S: 5V-GAGGATGTCAACAACGAGGCG-3V;
AS: 5V-CATGCGTCTGTTCTGAAACCAG-3V);
hoxc6a (S: 5V-GCCCAACATGCCACTGAAC-3V; AS:
5V-GGTCTCTTTCTTCCATTTCATGC-3V);
hoxc13a (S: 5V-GCCAAATTATGGAAGGATTGAG-3V;
AS: 5V-CCACGTCGATAACTGCTG-3V);
hoxc6b (S: 5V-CGAACCCATCGCTGTCGTGTC-3V; AS:
5V-GGACGTGAGATTGCTCTCCTTC-3V);
hoxc12b (S: 5V-CAGGACTGCAAACCCTCCG-3V; AS:
5V-CGCTGTCTGGTGATGAACTCG-3V);
hoxc13b (S: 5V-TCTCATTGCAGGGATTTTATCTCG-
3V; AS: 5V-CGACCGCGACGGTAGCCG-3V).
Primers were designed for the following five genes
from available sequence, with GenBank accession numbers
as follows: b-actin, AF057040; hoxc1a, NM_131531;
hoxc6a , AF071265; hoxc6b , AF071266; hoxc12b ,
NM_131545. All primers were ordered from Integrated
DNATechnologies, Inc. Products from all seven genes were
purified, cloned into a T-tailed vector, pGEM-T Easy
(Promega), and sequenced. For each gene, the sequence of
the RT-PCR product matched the expected, correctly spliced
cDNA.Fish maintenance and collection
Wild-type zebrafish (D. rerio) were maintained at 28.58C
under standard conditions (Detrich et al., 1999; Westerfield,
1995). Briefly, fish were fed daily a combination of dry food
and brine shrimp and maintained under a light schedule of
14-h light and 10-h dark. Embryos were collected immedi-
ately following fertilization (0–0.5 hpf) and maintained at
28.58C.
RNA whole-mount in situ hybridization
DNA sequence obtained from the 5V RACE products
was used to derive RNA in situ probes for hoxc13a (1–816
bp; see Fig. 1) and hoxc13b (1–641 bp; see Fig. 2). In
addition, a previously described plasmid (pZG10.3) was
used to generate RNA in situ probes for goosecoid
(Stachel et al., 1993). In each case, T3 and T7 RNA
polymerases (Roche) were used to transcribe digoxigenin-
labeled sense and antisense probes, respectively (Roche).
Whole-mount in situ hybridization was carried out as
previously described (Schulte-Merker et al., 1992), with
some exceptions described below. Embryos were collected
as described above, dechorionated if necessary, and fixed
in BT fixative overnight at 48C. After two washes in 1X
PBST to remove the fixative, embryos were dehydrated
step-wise into 100% methanol. Embryos were then
rehydrated back into 1 PBST in a step-wise manner.
Depending on the age of the embryos, embryos were
briefly digested with Proteinase K (10 Ag/ml in PBST),
then fixed in 4% paraformaldehyde for 20 min. Embryos
were incubated for 2 h, at 55–608C, in hybridization buffer
(50% formamide, 5 SSC, 500 Ag/ml yeast tRNA, 0.1%
Tween 20, 1% CHAPS, and 100 Ag/ml heparin) before the
RNA probe was added. Hybridization occurred at 55–608C
for 3 days. Embryos were extensively washed in 50%
formamide in 2 SSCT at 558C, followed by washes in
2 SSCT. Embryos were then incubated for 2 h at room
temperature in blocking solution (20% sheep serum in
PBST). Blocking solution was removed and embryos were
incubated at 48C overnight in blocking solution containing
alkaline phosphatase conjugated antidigoxigenin Fab frag-
ments (Roche) that had been preabsorbed with embryos
from the same stage. Again, embryos were extensively
washed in blocking solution, followed by three consecutive
5-min washes in staining buffer (100 mM Tris pH 9.5, 50
mM MgCl2, 100 mM NaCl, 0.1% Tween 20, 1 mM
Levamisole). Upon removal of staining buffer, the color
reaction was visualized by incubating the embryos at 378C
in BM purple substrate (Roche). PBST was used to stop
the reaction, and embryos were subsequently fixed in 4%
paraformaldehyde. Images were taken on either an RS
Photometrics camera attached to a Leica MZFL III
microscope or an Optronics camera attached to a Leica
M420 microscope. All images were edited with Adobe
Photoshop 7.0.
Fig. 1. cDNA and deduced amino acid sequence of the full-length zebrafish hoxc13a. The black arrowhead represents the location of the intron between exon 1
and exon 2.
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Embryos from the same mating pair were collected and
divided into two groups, uninjected and injected. All other
conditions (i.e., temperature and embryo media) were the
same for both the injected and noninjected embryos. Sixmorpholinos each containing a 3Vfluorescein tag were used in
these experiments: one targeted against hoxc13b (5V-
GGCAATTCCCGCTCAGTCCCTCCAT-3V), a hoxc13b 5-
base-pair mismatch control morpholino (5V-gcCAATTg-
CCcCTCAgTCCgTCgAT-3V), a second hoxc13b specific
morpholino (hoxc13b2, 5V-CAGTCCCTCCATGGTCGAG-
Fig. 2. cDNA and deduced amino acid sequence of the full-length zebrafish hoxc13b. The black arrowhead represents the location of the intron between exon 1
and exon 2.
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for hoxc13b2 (5V-CAcTCgCTCCATcGTCGAcGAgCTC-3V),
one targeted against hoxc13a (5V-CAGGACCTGC-GAAGTCGTCATATC-3V), and a standard control morpho-
lino (5V-CCTCTTACCTCAGTTACAATTTATA-3V) (Gene
Tools, Inc.). All morpholinos were resuspended in water,
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[1 Danieau Media: 58 mM NaCl, 0.7 mM KCl, 0.4 mM
MgSO4, 0.6mMCa(NO3)2, and 5.0mMHEPES pH 7.6], and
injected into embryos at the one-cell stage as previously
described (Nasevicius and Ekker, 2000) using a PLI-90
injector system (Harvard Apparatus, Inc.). Regardless of
amount of morpholino used (see sections below for exact
amounts), 14-nl total volume was injected per embryo.
Rarely, even in uninjected controls, embryos failed to
undergo proper cleavage or gastrulation. These embryos,
which at 24 hpf were dead or were grossly abnormal, were
removed from phenotypic analysis.
Characterization of hoxc13a and hoxc13b morphants at 24
hpf
Three amounts of morpholino per embryo were used
(3.65, 7.4, and 14.8 ng). Embryos were monitored at 5 h
post fertilization (hpf), and phenotyped at 24 hpf. In
addition, somite numbers were counted at 24 hpf. Chi-
square analysis was used to determine if there was a
significant difference between the hoxc13b morphant group
and, separately, each of the other morphant groups at the
same dosage of morpholino. Confocal images, taken in Z-
series (average slice width of 20 Am), were taken using an
LSM 510 Laser Scanning Confocal Microscope (Zeiss),
using a FITC filter (488 nm). All images were analyzed with
LSM software (Zeiss).
Overexpression and rescue experiments
Plasmids for producing synthetic hoxc13a and hoxc13b
messages were generated by adding a Kozak consensus
sequence for efficient translational initiation (Kozak, 1987,
1997). The Kozak consensus sequence was added to the 5V
end of each full-length cDNA and cloned into pBluescript II
(Stratagene) using the following annealed oligonucleotides,
S: 5V-TCGACCCGCCGCCAC-3V; AS: 5V-CATGGT-
GGCGGCGGG-3V. Message Machine using T7 polymerase
(Ambion) was used to generate capped hoxc13a and
hoxc13b messages. These messages (10 pg/embryo) were
coinjected with the hoxc13b morpholino and, separately, the
hoxc13b2 morpholino (7.4 ng/embryo) into one-cell
embryos to assay rescue. For overexpression studies, the
identical amount of message (10 pg/embryo) was used.
Embryos were monitored as described above.
Characterization of the biphasic hoxc13b morphant delay
For all experiments, 7.4 ng of morpholino per embryo
was used. At 6 hpf, embryos were analyzed via morphology
for the presence or absence of an embryonic shield, or by
whole-mount RNA in situ hybridization using a goosecoid
probe for extent of shield formation. At 10.5, 14.5, 20, and
24 hpf, embryos were analyzed for somitic number. Stand-
ard deviations of somitic numbers are shown as error bars.Generation of polyclonal antisera
The following custom peptide, CRLSYSHNVNLQQK-
SYHPA (residues 73–91 of Hoxc13b), was algorithmically
predicted to be antigenic and was synthesized (Princeton
Biomolecules). Two NZW rabbits were injected with KLH-
conjugated peptide and Freund’s adjuvant and received five
booster injections before collection of the final polyclonal
antisera (Covance). Cross-reactivity to a peptide corre-
sponding to the comparable region of Hoxc13a (residues
106–124) was determined to be low by ELISA (Covance).
Western blot analysis
Ova (N = 30) and embryos (N = 20) were collected at
appropriate stages in Ringer’s solution. Samples were
sonicated in microcentrifuge tubes, spun at 13 krpm for
10 min at 48C, and the supernatant was transferred to a new
tube and stored at 708C. Samples were diluted in SDS
sample buffer (6) and analyzed using 12% SDS-PAGE
with a miniProtean II cell (Biorad) at 200 V. The gels were
equilibrated in transfer buffer (25 mM Tris–HCl pH 8.3, 192
mM glycine, 20% MeOH, and 0.1% SDS) for 1 h at RT.
Next, the gels were electroblotted to 0.45-Am Trans-blot
transfer medium (Biorad) for 50 min at 300 mA using a mini
Trans-blot electrophoretic transfer cell (Biorad). Filters were
stained with Ponceau S for 5 min at RT. Then, filters were
incubated in blocking solution (3% dry milk, 5% goat
serum, and TTBS (100 mM Tris–HCl pH 7.5, 150 mM
NaCl, and 0.1% Tween 20) for 1 h at RT. Rabbit preimmune
or immune sera was added at 1:20,000 and incubated at 48C
overnight. Filters were washed four times for 15 min each
with TTBS. Filters were then incubated with HRP-labeled
goat antirabbit secondary antibodies at 1:20,000 in blocking
solution for 1 h at RT. Filters were then washed four times
for 15 min each with TTBS. Signal was then developed with
Super Signal (Pierce).Results
Amino acid alignment of Hoxc13 from mammals and
zebrafish
Utilizing previously described homeobox sequence to
generate initial primers (Amores et al., 1998), both orthologs
of hoxc13 in zebrafish—hoxc13a and hoxc13b—
were cloned and sequenced from 5V RACE products. This
sequence was verified and 3VUTR sequence was determined
by sequencing the products of RT-PCR reactions utilizing a
proofreading polymerase. The DNA and deduced protein
sequences of hoxc13a are shown in Fig. 1, and the DNA and
deduced protein sequences of hoxc13b are shown in Fig. 2.
The amino acid sequences of Hoxc13a and Hoxc13b from
zebrafish show domains of higher and lower conservation
relative to the mammalian proteins (Fig. 3). For example, as
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homeodomain. Interestingly, the main alteration in the
zebrafish Hoxc13 orthologs is an absence of the amino acids
corresponding to the poly-glycine tract of the mammalian
proteins (Fig. 3). A similar loss of a poly-glycine tract was
previously observed in chick Hoxb3 in comparison to the
murine protein (Rex and Scotting, 1994). Residues encoded
by exon 1 of Hoxc13 of all mammals studied (including the
human, mouse, rat, pig, horse, and cow) show a high degree
of conservation and the presence of a poly-glycine tract
starting at amino acid 25 (Fig. 3; R.T. and A.R.G,
unpublished data). In addition, the N-terminal-most con-
served mammalian region of the protein is also absent in
Hoxc13b, due to the utilization of a new initiation codon.
Expression of hoxc13a and hoxc13b during early
embryogenesis
RT-PCR was performed to determine the expression
pattern of hoxc13a and hoxc13b during zebrafish develop-
ment. Zebrafish hoxc13a expression begins during early
somitogenesis, and is strongly expressed during tail bud
development stages and through the larval stages (Fig. 4A).Fig. 3. Protein sequence comparison of Hoxc13 orthologs from zebrafish, huma
Hoxc13a and Hoxc13b. Deduced protein encoded by zebrafish hoxc13a (bDre
Sequences were aligned using ClustalW 1.8. Boxshade 3.2 was used to generate th
the homeodomains—highly conserved in all four proteins—is underlined.In contrast, hoxc13b transcripts are detectable during early
development, including from one-cell, two-cell, four-cell,
and eight-cell embryos, and at 2.5 and 3 hpf (Fig. 4A and
data not shown). This suggests that hoxc13b message is
maternally derived, as zygotic expression does not appear to
begin until the mid-blastula transition at approximately 3.5
hpf (Kane and Kimmel, 1993). Hoxc13b expression
persisted through 48 hpf, but could not be detected at 72
hpf (Fig. 4A). Finally, Western blot analysis detects
Hoxc13b protein during these early stages of development,
as well as from unfertilized ova (Fig. 4B).
The presence of hoxc13a and hoxc13b transcripts was
also examined by whole-mount RNA in situ hybridization.
As predicted by the RT-PCR analysis, hoxc13a transcripts
are not detected at the four-cell and blastula stages (Figs.
5A, B). Hoxc13a transcripts are initially visualized in the
central core of the posterior tail bud at approximately 16.5
hpf (Fig. 5C). This expression pattern continues through 19
hpf (Fig. 5D), 24 hpf (Figs. 5E, F), and 36 hpf (data not
shown). Beginning at 48 hpf and persisting through 72 hpf,
expression is apparent in the developing fin fold and neural
tube (data not shown and Fig. 5G). Thus, hoxc13a
expression is spatially restricted to the posterior end of then, and mouse shows the absence of N-terminal domains in both zebrafish
aQ), zebrafish hoxc13b (bDre bQ), human Hoxc13, and mouse Hoxc13.
e shading of identical (black) and conserved (gray) residues. The location of
Fig. 4. Temporal expression pattern of hoxc13a, hoxc13b, and other
selected zebrafish hox genes. (A) Temporal expression pattern of hoxc13a
and hoxc13b. RNAwas extracted from embryos at the indicated hours post
fertilization (hpf). cDNA reactions contained (+), or excluded (), reverse
transcriptase. Transcripts were detected by RT-PCR. b-actin served as a
control. (B) Detection of Hoxc13b protein during various stages of
development by Western blot analysis. (C) Lack of detection by Western
blot analysis of Hoxc13b protein after morpholino-mediated gene knock-
down. (D) Temporal expression pattern of selected zebrafish hoxc genes.
Transcripts were detected by RT-PCR (as described for A), and b-actin was
used as a control.
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on the 5V end of the cluster. In contrast, maternal hoxc13b
transcripts can be readily visualized at the four-cell stage
(Fig. 6A), the eight-cell stage (data not shown), and duringFig. 5. Spatial expression pattern of hoxc13a. Expression was detected by who
transcript. (A) Four-cell stage. Note absence of staining. (B) Blastula stage, at appr
at approximately 16.5 hpf. Arrow denotes expression in developing tail bud. (D) E
bud. (E) 24-hpf embryo. Arrow denotes high expression in the developing tail b
control tail bud, also from 24 hpf. (G) 72-hpf tail bud. Note expression in develothe blastula stage at approximately 3 hpf (Fig. 6B). In
addition, hoxc13b does not seem to be spatially restricted
during and following gastrulation. During mid-gastrulation,
at approximately 6 hpf, hoxc13b is expressed along the
entire anterior to posterior length of the developing gastrula
(Fig. 6C). Furthermore, this expression pattern persists
through early somitogenesis (Fig. 6D). Increased expression
of hoxc13b in the developing tail bud is detected at
approximately 19 hpf (data not shown) and is primarily
restricted to the central portion of the developing tail bud at
24 hpf (Figs. 6E, F). Therefore, the restriction of hoxc13b to
the posterior does eventually occur, although much later in
development than that observed with hoxc13a. Zebrafish
hoxc13b expression is further restricted by 40 hpf, possibly
to the developing vertebrae (Fig. 6G). Finally, at 72 hpf,
hoxc13b transcripts cannot be visualized by in situ hybrid-
ization (data not shown).
Morpholino-mediated gene knock-down of hoxc13b results
in a severe developmental delay by 24 hpf
To test the function of Hoxc13a and Hoxc13b in the
developing zebrafish, morpholino-mediated gene knock-
down was performed. The vast majority (92%) of the
embryos injected with 14.8 ng of hoxc13b morpholino
exhibited a developmental delay by 24 hpf (Table 1).
Regardless of the amount of morpholino used, this delay
did not effect viability, was characterized by a grossly
reduced body size at 24 hpf, and was not visually evident at
72 hpf. At 24 hpf, the morphant embryo contained 22–23
somites and appeared to be the same size as a 17–19-hpf
embryo (Fig. 7A). A second specific morpholino for
hoxc13b, hoxc13b2, was injected to verify that the
observed phenotype is specific to knock-down of Hoxc13b.
As shown in Fig. 7B, the same morphant phenotype isle-mount RNA in situ hybridization. Purple staining denotes presence of
oximately 3 h post fertilization (hpf). Note absence of staining. (C) Embryo
mbryo at approximately 19 hpf. Arrow denotes expression in developing tail
ud. (F) Higher magnification of 24-hpf tail bud. Inset shows sense-strand
ping fin fold and neural tube.
Fig. 6. Spatial expression pattern of hoxc13b. Expression was detected by whole-mount RNA in situ hybridization. Purple staining denotes presence of
transcript. (A) Four-cell stage. (B) Blastula stage, at approximately 3 h post fertilization (hpf). (C) Mid-gastrulation embryo; at approximately 6 hpf. (D)
Embryo at early somitogenesis; at approximately 12.5 hpf. (E) 24-hpf embryo. Arrow denotes higher expression at posterior end of the developing tail bud. (F)
Higher magnification of 24-hpf tail bud. Inset shows sense-strand control tail bud, also from 24 hpf. (G) Approximately 40-hpf tail bud.
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embryos injected with 14.8 ng of hoxc13a morpholino did
not show an overt phenotype and contained 29–30 somites
at 24 hpf (Fig. 7G).
The hoxc13b morphant phenotype is not due to a
nonspecific delay sometimes observed with morpholinos.
First, injection of a two different specific morpholinos
yielded the same morphant phenotype. Second, morphants
did not have features characteristic of a nonspecific
morpholino phenotype, including necrotic head and brain
tissues. Third, the delay observed in the hoxc13b morphants
was dose dependent (Table 1); at 3.65 ng/embryo, 39% of
embryos show a delay, at 7.4 ng/embryo, 84% of embryos
show a delay, and at 14.8 ng/embryo, 92% of embryos show
a delay. These data were highly significant compared to the
uninjected control group, the standard control morpholino
injection group, and the 5-base-pair mismatch morpholinoTable 1
hoxc13b morphants show a severe and specific delay at 24 hpf
3.65 ng
Delay w.t. Total
hoxc13b MO # 74 115 189
% 39 61
5-mis hoxc13b MO # 0 94 94
% 0 100
hoxc13b2 MO #
%
5-mis hoxc13b2 MO #
%
Standard control MO # 5 309 314
% 2 98
hoxc13a MO #
%
Uninjected control # 5 222 227
% 2 98injection group (P b 0.001). Figs. 7C and D show examples
of embryos injected with 14.8 ng of the 5-base-pair
mismatch hoxc13b morpholino and 7.4 ng of the 5-base-
pair mismatch hoxc13b2 morpholino, respectively. As a
reference, a noninjected 24 hpf embryo is shown in Fig. 7H.
Uninjected 24 hpf embryos routinely had 29–30 somites.
Embryos injected with the control morpholinos have the
fluorescent morpholino distributed evenly throughout the
body (Figs. 7C, D), but they do not show a developmental
delay. These embryos all had 28–29 somites at 24 hpf. In
addition, Western blot analysis supported the specificity of
the hoxc13b morphant phenotype. Hoxc13b protein is
detected at 24 h in uninjected embryos, whereas no
Hoxc13b protein was detected in the hoxc13b morphant
embryos (Fig. 4C). Thus, the hoxc13b morpholino effec-
tively knocked-down Hoxc13b protein levels in the
hoxc13b morphants.7.4 ng 14.8 ng
Delay w.t. Total Delay w.t. Total
199 39 238 177 16 193
84 16 92 8
10 143 153 8 89 97
7 93 8 92
117 22 139
84 16
1 80 81
1 99
4 42 46 1 49 50
9 91 2 98
15 218 233
6 94
2 205 207 1 142 143
1 99 1 99
Fig. 7. Zebrafish hoxc13b morphants show a developmental delay at 24 h post fertilization. (A–H) Fluorescent confocal Z-stack images with smaller insets of
transmitted light images. (A) A typical hoxc13b morphant embryo. (B) A typical hoxc13b2 morphant embryo. (C) An embryo injected with the hoxc13b 5-
base-pair mismatch morpholino. (D) An embryo injected with the hoxc13b2 5-base-pair mismatch morpholino. (E) A hoxc13b morphant embryo rescued with
coinjection of synthetically capped hoxc13b mRNA. (F) A hoxc13b morphant embryo rescued with coinjection of synthetically capped hoxc13a mRNA. (G) A
typical hoxc13a morphant, with no overt phenotype. (H) A noninjected wild-type embryo. Scale bar, 200 Am.
Table 2
The hoxc13b morphant phenotype can be rescued by the injection of
hoxc13b or hoxc13a mRNA
Injected Phenotype # Percent
total (%)
7.4 ng hoxc13b MOy Delay 199 84
Wild-type 39 16
Total 238
7.4 ng hoxc13b MO + Delay 5 7
10 pg hoxc13b mRNA Wild-type 97 93
Total 104
7.4 ng hoxc13b MO + Delay 20 20
10 pg hoxc13a mRNA Wild-type 82 80
Total 102
7.4 ng hoxc13b2 MO + Delay 58 35
10 pg hoxc13b mRNA Wild-type 110 65
Total 168
7.4 ng hoxc13b2 MO + Delay 42 25
10 pg hoxc13a mRNA Wild-type 127 75
Total 169
y Significant difference between hoxc13b MO group and, separately, all
rescue groups. In all cases, P b 0.001.
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morpholino
Experiments were performed to test rescue of the
hoxc13b morphant phenotype. We have shown via Western
blot that the hoxc13b morpholino knocks down Hoxc13b
protein in hoxc13b morphants (Fig. 4C). However,
possibly, the delay phenotype observed in the hoxc13b
morphants is actually due to the nonspecific knock down
of another, unknown protein. Therefore, the definitive test
of morpholino specificity is rescue of the hoxc13b
morphant phenotype following injection of hoxc13b
mRNA. Recall that 84% of the embryos showed a
developmental delay when injected with 7.4 ng of hoxc13b
morpholino (Table 1). In contrast, when 10 pg/embryo of
synthetically capped hoxc13b message was coinjected with
7.4 ng of hoxc13b morpholino, 93% of the embryos
appeared wild type (Fig. 7E and Table 2). Furthermore,
somite number returned to 28–29 somites at 24 hpf. When
10 pg/embryo of synthetically capped hoxc13a message
was coinjected with 7.4 ng of hoxc13b morpholino, 81%
of the embryos appeared wild type (Fig. 7F and Table 2).
Again, somite number returned to 28–29 somites at 24 hpf.
To verify the specificity of the rescue, the rescue experi-
ments were also performed with the second specific
morpholino, hoxc13b2. Both synthetic capped hoxc13a
and hoxc13b messages were capable of significantly
rescuing the hoxc13b2 morphant delay phenotype as well
(Table 2).
Overexpression of hoxc13a and hoxc13b
One trivial explanation for the rescue results is that the
decreased cell cycle rate in the hoxc13b morphant embryos
is nullified by overproliferation or faster cell cycle
progression due to Hox overexpression; that is, the
opposite phenotypes cancel each other. To rule out thisexplanation, overexpression studies were performed in
wild-type embryos using the same amount (10 pg) of
synthetic message as was used for the rescue experiments.
Overexpression of hoxc13b led to a similar embryonic
delay (77%; 156/202 embryos) as observed in hoxc13b or
hoxc13b2 morphants (data not shown), suggesting a
stoichiometric balance with a binding partner being
disrupted. Two delay classes were noted: 81% of the
delayed embryos had 18 somites and were of similar size
as the hoxc13b morphants at 24 hpf, while 19% of the
embryos were more severely delayed with 14–15 somites
at 24 hpf. In contrast, overexpression of hoxc13a led to a
high percentage (71%; 246/346) of embryonic lethality by
24 hpf. The majority of the embryos (approximately 91%;
51/56 analyzed at 6 hpf) failed to reach gastrulae stages.
Of the surviving embryos at 24 hpf, 5% (5/100) were
Fig. 8. Zebrafish hoxc13b morphants exhibit a delay by 6 h post
fertilization. Uninjected embryos (A) and standard control morpholino-
injected embryos (B) were compared to hoxc13b2 morphant embryos (C–F)
at 6 h post fertilization (hpf). The percentage shown in the bottom right of
each panel represents the percentage of the total number of embryos that
demonstrate the given expression pattern or morphology shown in that
panel. (A) A representative uninjected embryo showing the expression of
goosecoid at 6 hpf. Note that the expression is confined to the involuting
cells of the embryonic shield (black arrowhead). (B) A representative
standard control morphant embryo at 6 hpf. The white arrowhead in the
inset indicates the cells of the shield. (C) A representative hoxc13b2
morphant embryo showing the expression of goosecoid at 6 hpf. (D) A
representative hoxc13b2 morphant embryo showing an absence of a shield
at 6 hpf. (E) A representative hoxc13b2 morphant embryo showing the
expression of goosecoid at 6 hpf. Note that many of the laterally stained
cells have not yet converged toward the center of the shield (black
arrowhead points to trailing cells) (compare to panel A). (F) A
representative hoxc13b2 morphant embryo showing the presence of a
shield at 6 hpf.
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necrotic tissue. It is possible that the ectopic expression of
Hoxc13a protein in early embryos competes for Hoxc13b
binding sites leading to the lethality. Importantly, over-
expression of neither Hoxc13a nor Hoxc13b leads to
accelerated growth, adding further support for the specif-
icity of the rescue experiments.
Experiments to narrow the window of embryonic delay
To determine if the hoxc13b morphant embryonic delay
occurred before gastrulation, uninjected embryos and stand-
ard control morpholino-injected embryos were compared to
hoxc13b2 morphant embryos at 6 h post fertilization (hpf).
First, hoxc13b2 morphant and uninjected control embryos
from the same mating pairs were collected at 6 hpf and RNA
whole-mount in situ hybridization was performed with a
goosecoid probe (Stachel et al., 1993). These hybridization
experiments reveal that 90% of uninjected control embryos
exhibit goosecoid staining restricted to the cells that make
up the embryonic shield (Fig. 8A). Conversely, in hoxc13b2
morphants, goosecoid-positive cells are not yet fully
confined to the shield (Figs. 8C, E). In fact, the majority
of hoxc13b2 morphants (53%) exhibit goosecoid expression
in a wide, 908 arc located along the median (Fig. 8C). This
expression pattern is identical to that observed in 5-hpf
uninjected embryos (data not shown) (Stachel et al., 1993),
indicating that these hoxc13b2 morphants are already
delayed approximately 1 h by 6 hpf. Further, even in those
hoxc13b2 morphants that exhibit some shield-positive
goosecoid staining (47%), there exist many goosecoid-
expressing cells laterally along the median which have not
yet converged into the shield proper, indicating that these
embryos are delayed as well (Fig. 8E). To rule out that the
delay observed at 6 hpf was not due to a nonspecific
morpholino effect, comparison of staging was made
between embryos from the same mating pairs injected with
7.4 ng/embryo of the standard control morpholino vs.
embryos injected with the same amount of the hoxc13b2
morpholino. As shown in Figs. 8D and F, already by 6 hpf,
52% of the embryos injected with the hoxc13b2 morpholino
had not reached the shield stage, as compared to 97% the
standard control morphants that had reached the shield stage
(Fig. 8B).
To further characterize the embryonic delay, standard
control morphants and hoxc13b2 morphants were analyzed
at various stages of somitogenesis, and somites were
counted. First, we found that the onset of somitogenesis
was delayed in hoxc13b2 mophants (Fig. 9). Second, we
found that through approximately 20 hpf, the hoxc13b2
morphants contained on average three fewer somites than
the standard control morphants (Fig. 9). Notably, as the
degree of the delay stays constant through 20 hpf, we
hypothesize that the onset of somitogenesis is delayed due in
great part to the delay observed by gastrulation, at 6 hpf, and
that somitogenesis occurs at a normal rate in the hoxc13b2morphants until about 20 hpf. However, between approx-
imately 20 and 24 hpf, the difference in somitic number
increases to 6 somites, with the standard control morphants
containing 28 somites and the hoxc13b2 morphants exhibit-
ing only 22 somites (Fig. 9). This second phase in the delay
can be explained by the shift in expression pattern of
hoxc13b during these stages of development. Recall that
hoxc13b is expressed in every cell through somitogenesis
stages (Fig. 6), but begins to be up-regulated in the tail bud
at 19 hpf (data not shown), and confined to the tail bud by
Fig. 9. Zebrafish hoxc13b morphants exhibit a biphasic somitogenesis delay. Phase I encompasses the stages in development before the onset of somitogenesis
through approximately 20 h post fertilization. Note that 67% of hoxc13b2 morphants are delayed in initiating somitogenesis and that once somitogenesis has
been initiated, hoxc13b2 morphants remain on average three somites behind the standard control morphants throughout Phase I. Phase 2 initiates at
approximately 20 hpf, and continues through (at least) 24 hpf. During Phase 2, hoxc13b2 morphants become even more delayed in somitogenesis, as compared
to the standard control morphants, such that by 24 hpf, the average difference in somitic number is six. Error bars represent standard deviations of somite
number. Arrowheads denote location of tail bud to allow comparison of tail bud progression. Arrow indicates location of yolk sac invagination (not yet present
in morphant).
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delay observed in hoxc13b2 morphants correlate to the
knock-down of Hoxc13b protein during specific stages of
development: the knock-down of maternal (or very early
zygotic) Hoxc13b results in a delay in the onset of
somitogenesis; and the knock-down of Hoxc13b in the tail
bud beginning at approximately 20 hpf, leads to a second
phase of delay late in tail bud development.
Early embryonic expression of other zebrafish hoxca and
hoxcb complex members
Two possibilities might explain the differences between
the hoxc13a and hoxc13b expression patterns. First,
sequences in the hoxc13b promoter may have been mutated,
resulting in the gain of a maternal expression pattern during
the divergence period following the duplication event.Alternatively, maternal expression of hoxc13b may result
from wider regulatory changes affecting the entire hox
cluster. To distinguish between these possibilities, we
utilized RT-PCR for multiple hox genes in the two zebrafish
hoxc clusters (Fig. 4D). Because we had already examined
the most 5V genes of both hoxc complexes, we examined the
most 3V gene in each complex, hoxc1a and hoxc6b, and two
genes in the middle of the complexes, hoxc12b and hoxc6a.
The effect on temporal colinearity was thus examined,
because gene expression was sampled along the entire
complex. Surprisingly, we detected transcripts for all of
these genes, regardless of their position in either complex,
beginning in the ova and persisting through gastrulation,
and beyond, to 48 hpf (Fig. 4D). Thus, these data
demonstrating that these genes are also maternally
expressed suggest that entire zebrafish clusters have been
recruited to play a role in early embryogenesis.
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Theories of gene duplication in zebrafish predict the
ability of the duplicated genes to diverge in function, to lose
certain functions, and/or to gain new functions (Force et al.,
1999). These theories are supported by studies comparing
zebrafish Hox gene paralogs. Comparison of hoxb5a and
hoxb5b reveal a divergence in expression pattern, but no
obvious divergence in function (Bruce et al., 2001).
However, comparison of hoxb1a and hoxb1b reveal a
dramatic functional divergence, where hoxb1b cannot
substitute for hoxb1a (McClintock et al., 2002). Here we
have noted differences in the structure, temporal and spatial
regulation, and function of hoxc13a and hoxc13b. Based on
these earlier studies, a certain degree of divergence was
expected. While previous studies have detected potential or
actual maternal expression of vertebrate Hox genes, the
demonstration of a functional role for a vertebrate Hox gene
before gastrulation is a novel finding. These data are
analogous to earlier studies in invertebrates demonstrating
co-option of Hox genes into maternal roles (Hsia and
McGinnis, 2003). Importantly, this is the first demonstration
of such co-option in vertebrates.
Temporal colinearity and the maternal expression of Hox
genes
In regard to Hox gene organization and regulation, the
rule of temporal colinearity is widely accepted. In particular,
in all tetrapods studied (especially chick and mouse), Hox
gene expression is described as initiating at the primitive
streak stage. However, careful analysis of murine Hox
expression studies reveals that expression before the
primitive streak stage has rarely been examined. One
example definitively shows no expression at embryonic
day 7.25 (E 7.25)(Gaunt, 1988; Holland and Hogan, 1988).
Another example claims that Hoxb1 transcripts cannot be
detected at E6.5, but no such negative data is shown
(Murphy et al., 1989). In contrast, RT-PCR experiments
have detected Hox transcripts in early embryos and
unfertilized ova from human, mouse, and cow (Adjaye
and Monk, 2000; Kuliev et al., 1996; Pitera et al., 2001;
Ponsuksili et al., 2001; Verlinsky et al., 1995).
Early studies in zebrafish hox expression appear to
support the conservation of a colinear expression pattern
(Prince et al., 1998a,b; Sordino et al., 1996; van der Hoeven
et al., 1996), yet it is difficult to determine whether stages
before gastrulation were analyzed. Here we have shown that
zebrafish Hoxc13b transcripts and protein are present in ova
and early cleavage stage embryos. In addition to hoxc13b,
we have shown that other zebrafish hox genes are
maternally expressed. This novel, maternal expression by
no means negates the importance of the expression patterns
during the primitive streak stage; nor does it negate the role
of Hox proteins expressed at this time in regulating axial
patterning. Instead, it suggests that we need to refine thedefinition of temporal colinearity to pertain only to the
regionally restricted expression patterns initiated at the
primitive streak stage.
There are multiple cases reported of individual inver-
tebrate Hox genes having been recruited into roles in
earlier developmental stages (Hsia and McGinnis, 2003;
Lfhr et al., 2001). For example, the Drosophila Hox gene
bicoid is maternally expressed and has been recruited to
play a role in early Drosophila development (Akam, 1987;
Berleth et al., 1988). Such a scenario could explain the
maternal expression of hoxc13b. Hoxc13b could have been
individually recruited to be expressed in ovaries, allowing
for the packaging of transcripts into the ova. However, our
demonstration by RT-PCR that additional members of the
complexes are also detectable during early embryogenesis
suggests that, in this particular case, the recruitment of
entire complexes may have occurred, not simply individual
genes.
Potential roles for Hox genes in early development
The Hox genes are traditionally thought to control
transcription of target genes. This assumes, of course, that
zygotic transcription is occurring. However, in zebrafish,
zygotic expression does not appear to occur until the mid-
blastula transition (MBT), at approximately 3 hpf (Kane and
Kimmel, 1993). Similarly, transcription is often described as
initiating at the MBT in Xenopus, yet some studies suggest
at least some mRNAs are produced starting at the cleavage
stage (Shiokawa et al., 1994; Yang et al., 2002). It is
therefore possible that a similar scenario could occur in
zebrafish and that Hoxc13b is regulating gene expression of
select group of target genes before the mid-blastula
transition. Importantly, the first stage of the delay observed
in hoxc13b morphants relegates the role of Hoxc13b before
gastrulation.
Another possibility is that Hoxc13b is functioning by
regulating general transcription in a nontraditional manner,
as is supported by a growing body of literature on
nontraditional Hox functions. For example, Hox proteins
may control transcriptional activation at certain loci via
direct binding to proteins that regulate chromatin states. Of
interest in this regard, many Hox proteins have been
shown to bind to CBP/p300 and inhibit its histone
acetyltransferase (HAT) activity, suggesting they may play
a role as transcriptional repressors (Shen et al., 2001).
Similarly, a recent connection between the Hox proteins
and the Sp1 system has been shown to effect transcription
of a GC-box dependent promoter (Suzuki et al., 2003).
Importantly, Sp1 has been implicated in both chromatin
remodeling and cell cycle regulation (Iler et al., 1999;
Karlseder et al., 1996). In addition, there is data suggesting
that certain Hox proteins can regulate proteins that directly
control the cell cycle (Bromleigh and Freedman, 2000;
Krosl and Sauvageau, 2000). Finally, it has recently been
shown that Hox proteins interact with Geminin and,
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replication recognition complex, to promote replication and
cell proliferation (Li and Rosenfeld, 2004; Luo et al.,
2004).
It is also possible that Hoxc13b is acting independ-
ently of transcription altogether. Support for this idea
comes from the isolation of human HOXC13 (as well as
HOXC10 and HOXA13) in a yeast one-hybrid assay
using a DNA fragment from the replication origin near
laminin B (de Stanchina et al., 2000). Furthermore,
HOXC10 protein levels are regulated during the cell
cycle, such that the protein is specifically degraded
during mitosis (Gabellini et al., 2003). It is therefore
possible that the binding of Hoxc13 orthologs to origins
of replication aids rapid DNA replication via the recruit-
ment of the replication machinery to the origin of
replication. The currently documented regionally restricted
expression pattern of human HOXC13 makes it difficult
to argue for such a role. However, the global expression
pattern of zebrafish hoxc13b in early zebrafish embryo-
genesis correlates well with an ability to regulate cell
cycle early in zebrafish embryogenesis. In particular,
early embryonic cell cycles occur very rapidly and
without resting stages (Zamir et al., 1997). Of interest
in this regard, medaka, which has a much slower rate of
embryonic development, has not maintained a hoxc13b
gene. We have shown that zebrafish hoxc13b morphants
already exhibit a delay by 6 hpf; thus, it is conceivable
that zebrafish have co-opted Hoxc13b to play a role in
promoting these early cell cycles in zebrafish, perhaps by
binding to embryonic-stage-specific origins of replication.
More work will be needed to determine if such a role
would explain the developmental delay observed in the
hoxc13b morphants.
Finally, our results do not rule out the possibility that the
tetrapod Hox proteins play a similar role as zebrafish
Hoxc13b in early development. For example, the stages of
murine embryos in which Hox expression and phenotypes
have been examined would not have detected this delay.
Furthermore, there is a natural variation of approximately 1
day of development in a typical mouse litter (Miyake et al.,
1996). Hence, this proposed Hox function would have been
hard to detect in the mouse Hox knock-out lines.
Functional divergence of hoxc13a and hoxc13b
The functional divergence of duplicated genes can occur
via several selective measures, but usually begins with
mutations in regulatory elements. Changes in the regulatory
regions of duplicated genes can result in three basic
outcomes on gene expression pattern: (1) one gene retains
the old expression pattern, while the duplicate is no longer
transcribed; (2) one gene retains the old expression pattern
and the duplicate takes on a novel expression pattern; and
(3) the old expression pattern is partitioned between the two
duplicated genes.Here we have shown that hoxc13b is maternally
expressed, whereas hoxc13a is expressed later in develop-
ment, as expected for a 5V Hox gene. Novel expression
patterns rarely, over time, lead to novel protein functions.
The morpholino-mediated knock-down of Hoxc13a and
Hoxc13b in early embryogenesis, and the resultant differ-
ential phenotypes (compare Figs. 7A and B with G),
suggests a functional divergence of these two proteins; that
is, that Hoxc13b has taken on a novel role in early
embryogenesis. However, the ability of synthetic capped
hoxc13a or hoxc13b mRNA to rescue hoxc13b morphants
suggests there is functional equivalence of the two proteins
to carry out the early embryonic role of Hoxc13b. A few
possibilities could explain this result. First, the functional
equivalence of Hoxc13a and Hoxc13b could represent a
new role of the Hoxc13 orthologs that originated in
zebrafish. The functional divergence observed in zebrafish,
therefore, lies primarily (or solely) in the co-opting of the
expression of hoxc13b into early embryonic cleavage to
gastrulae stages. Alternatively, the functional equivalence of
Hoxc13a and Hoxc13b could represent a role that is
conserved in all zebrafish hoxc genes, among zebrafish 13
paralogs, or even Hoxc13 orthologs across species. We are
currently exploring these possibilities.
Both hoxc13a and hoxc13b are expressed in the
developing tail bud at 19 hpf, and, by 24 hpf, appear to
be expressed in the same subset of cells (compare Fig. 5F
with Fig. 6F). This expression pattern in the developing
tail bud most likely represents a case of bquantitative
subfunctionalizationQ (Force et al., 1999). For example, if
one of the functions of the ancestral hoxc13 gene was to
regulate tail bud formation, then after the duplication event
the mutations in the regulatory regions of these two
duplicates resulted in continued expression in this region,
but a quantitative reduction of each transcript. For tail bud
formation to proceed properly, a certain threshold of
Hoxc13 protein (typically, the sum of both Hoxc13a and
Hoxc13b protein levels) must be present. In the hoxc13b
morphants, the reduction of Hoxc13b levels in the tail bud
results in an increase in the somitic delay, most likely due
to the reduction of Hoxc13 levels below the functional
threshold. This argument also explains the rescue of the
morphant delay (including the delay during tail bud
formation) by hoxc13a or hoxc13b message, as adding
Hoxc13a or Hoxc13b protein would raise the levels of
total Hoxc13 protein above this functional threshold in the
tail bud.
Later in development, from 36 to 72 hpf, there are more
straightforward differences in expression pattern between
hoxc13a and hoxc13b. At 72 hpf, hoxc13b transcripts were
not detected, either by RT-PCR or in situ hybridization (Fig.
4A and data not shown). However, hoxc13a was strongly
expressed in the fin fold and neural tube (Fig. 5G). Future
studies are needed to address the differential and conserved
roles of these two orthologs in the developing tail bud of the
zebrafish.
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Here we have highlighted the differences in structure,
expression pattern, and function of the two hoxc13
orthologs in zebrafish. Briefly, hoxc13a does not appear to
be maternally expressed. However, we have shown by three
independent means (RT-PCR, in situ hybridization, and
Western blot analysis) the presence of hoxc13b message and
protein during early embryogenesis. In addition, we have
shown that a few zebrafish hoxc genes are maternally
expressed, and thus do not obey the traditional definition of
temporal colinearity. Finally, we have shown that at least
one of these genes, hoxc13b, has been recruited to play a
role in early development. Taken together, these findings
suggest there is a need to (1) refine the classical definition of
temporal colinearity in light of maternal hox gene expres-
sion, and (2) determine whether there are additional
vertebrate Hox genes that are maternally expressed and
play roles in early embryogenesis.Acknowledgments
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